Abstract-Atomic force microscope (AFM), as its high resolution and precision, was employed to directly probe intermolecular hydrogen bonds between self-assembled purines and pyrimidines. In the experiment, we directly stretch the DNA double strands that are attached to the planar modified glass surfaces and AFM tip respectively. However, distinguishing from previous literatures we focus on the NaCl density and holding time influencing the rupture force of DNA double helix and monitor the probing process under three different densities of sodium chloride (NaCl): 0mM, 50mM, and 100mM. The result shows complementary DNA strands are easier to bond as the density of NaCl increases. At the same time we test the probing process considering three holding durations: 0S, 10S, and 40S. We find the complementary DNA strands bond forming well under the situation of 40S. Then we separately do experiments with three lengths of strands: 10bp, 14bp, 20bp. Using cluster analysis method we find that the clustering center intervals are about 0.21nN, 0.29nN, and 0.39nN, and we can calculate the hydrogen bond of the single G-C is about 20pN.
INTRODUCTION
In gene chip test [1, 2] there may exist such a phenomenon that the chain melting temperature between some gene probes and target nucleic acids in completely complementary of hybrid is similar with the chain melting temperature between some gene probes and non-target nucleic acid on the same gene chip, thus leading to testing error because of nonspecific hybrid. In order to reduce the generation of false signal and satisfy the specificity of gene probes, researchers have tried kinds of methods to improve the performance of the gene probe. One method is that artificial regulating chain melting temperature selectively by using the nucleic acid chemical technology, which can purposefully regulate the melting temperature of each oligonucleotide probe to a similar level and can reduce solution chain temperature control to similar level and can reduce the overall error rate of the gene chip.
We have cumulated certain work experiences on nucleic acid structure, gene detection and gene chip in our studies. On this basis, we promoted the relevant work of new gene chip development and gene probe design and studied the modified LNA influencing the nucleic acid hybrid affinity. By adjusting the LNA nucleotide type, embedded loci, replace number and combination, we research LNA nucleotide influencing doublestranded hybrid melting temperature after replacing DNA nucleotide. Then we summarized the experience in experiment that may give a solution for new gene chip design based on gene probe. However, the present experimental method and solution unable to directly measure the chain affinity of doublestranded chain correlated to temperature, also cannot distinguish the inter-chain and intra-chain interaction between complementary hybrid double-stranded chains. In order to learn more about the hybrid characterization between gene probes and target nucleic acid in molecular level, to learn the capability of distinguish specific and non-specific nucleic acid, to improve the hybrid affinity, we are going to detect the force between gene probe and target nucleic acid, then obtain the physical parameters: the hydrogen bonding force.
Until recently, our knowledge of the measuring molecular force techniques included x-ray crystallography, light scattering, nuclear magnetic resonance spectroscopy, and the osmotic pressure technique. Also, techniques such as magnetic and optical tweezers have been used to measure the mechanical properties of individual strands of double-stranded DNA [3, 4] . However, both of the techniques have low resolution and are not suitable for forcing small biological samples with the size of a few nanometers. Atomic Force Microscopy (AFM) [5] that invented in the 1980s initially is used in materials science research and is an effective means in testing precision structures of materials. In the past decades it is more widely used in life science research. It can observe the surface of the cell membrane layer in the molecular level, cell structure changes, the elastic of living cells, and ultra micro structures [6, 7] . And these experiments can be carried on in vivo with no harm to the measured sample. Especially, AFM can detect a single molecular force such as the interaction between antigens and antibodies, receptors and ligand, also the interaction between DNA double strands [8] [9] [10] . We will use an AFM to do research on the combination characteristics of doublestranded nucleic acids and find a feasible way to improve the accuracy of gene chip detection by well understanding the chain affinity between the gene probes and target nucleic acid. These works can provide the basic experiment data to improve the design and fabrication of the gene chip. This project will explore new applications of AFM in biophysics, biochemistry, cell biology, molecular biology and biological medicine.
The pioneering work probing complementary DNA double strands unbinding force with AFM was performed by Lee et al [11] . They identify two types of forces: interchain forces associated with Watson-Crick base pairing between complementary strands of DNA and intrachain forces associated with the elasticity of single strands of DNA. They used a repeating DNA sequence [(ACTG)5] that could form duplexes of several unique sequence lengths of 12, 16, and 20 bp, which would give rise to several unique binding forces: 765, 655 and 415 pN, respectively. Their work includes both short DNA sequence and long DNA sequence research, which have great influence on the subsequent researches. All the subsequent studies [12] [13] [14] [15] are derived from their innovative method. Torsten Strunz et al [13] investigated DNA duplexes with 10, 20, and 30 base pairs with loading rates in the range of 16-4,000 pNys. Depending on the loading rate and sequence length, the unbinding forces of single duplexes varied from 20 to 50 pN. Schumakovitch et al [15] report unbinding force measurements between complementary strands of DNA as a function of temperature. Their measurements emphasize the entropic contributions to the energy landscape of the bond. All the experiments performed afterwards have reduced the unbinding rupture force of DNA double strands (10-30 bp) down to 20-200 pN, depending on the sequence length and kinds of conditions.
In this paper, we use the AFM as our tool and the same principle as our guide to probe the DNA duplex rupture force. Nevertheless, we also do many improvements that allow us to make measurements of higher precision. With high resolution we can detect the rupture force of a single dG-dC base pair accurately. In addition, the prominent work is the design experiments that determine whether changing the NaCl density and varying the holding time for DNA duplexes melting have effects on the rupture force of DNA double strands or not. Finally, our goal is to find the best values of the NaCl density and the holding time for forming rupture forces between single base pairs and then obtain the forces of different length base pairs and single base pair with these values. To realize the goal we also bring in clustering method to classify all the forces data and to find the data centre of each category. The centre represents the force needed to break the DNA double strands.
II. MATERIALS AND METHOD

A. Oligonucleotide immobilization
All chemicals were purchased from Fluka Chemical Corporation (Milwaukee, WI) unless noted otherwise. Glass slides (Capitalbio Corporation) were cleaned in ethanol for 20 min in an ultrasonic bath and were dried under a stream of argon. From then on, the glass slides, and the AFM-tips (Si 3 Ni 4 , Veeco Instruments Inc.), were treated in parallel. The oligonucleotides were synthesized by GenScript Corporation. Immediately before use, the oligonucleotides with a 5'-SH modification were diluted to a final concentration of 10 ȝM with a pH 7.4 TE buffer, a 10ȝl drop of the oligonucleotide solution was then incubated on the tips for 30min at room temperature; and the oligonucleotides with a 3'-NH 2 modification were diluted to a final concentration of 5 ȝM with a pH 7.4 TE buffer. 10ȝl drop of the oligonucleotide solution was then incubated on the glass slides for 24h at room temperature in a humid chamber, then dry at 80 for 1h. After rinsing with PBS buffer (pH 7.3), the tips and surfaces were ready for use in the force experiments. The nucleic acid sequences are shows in TABLE .   TABLE I. Nucleic acid sequences for researching the affinity between DNA double strands.
No.
Nucleic acid sequences
Following the work of Lee et al [11] , we covalently immobilized complementary oligonucleotides with a 5'-SH modification via a cross-linker on the tip of an AFM cantilever and a substrate (schematically shown in Fig. 1A ), both modified with aminosilane, respectively (13) . We used a (CH 2 ) 18 linker to separate the oligonucleotides from the influence of the glass surfaces and to give them flexibility for interaction. The short linker was chosen to reduce complications that could arise due to stretching and unwinding. 
B. Force measurements
The experiments were carried out on the Nanoscope a AFM system (Digital Instruments Inc., Santa Barbara, CA). Standard silicon nitride AFM probes (Veeco Instruments Inc.) were used. The final force versus relative surface displacement is shown in Fig. 2 . The blue line represents the approach ing process, and the red line represents the retrace process. From "a" point the cantilever taking along the tip approach the glass surface as a result of piezo action. When arriving at "b" point the tip touches the surface and the cantilever will be bent as zpiezo runs on until "c" point, which is determined by the contact force threshold between the tip and the surface. Then this status is kept for a certain holding time (0S, 10S, and 40S), during which the specific hydrogen bond dG-dC would bind at the same time. Then the tip is stretched out of the surface, but the tip has to overcome the forces of breaking several DNA double helixes, which are a few protruding downward as the rupture force. The modified glass surface is covered by a layer of single DNA strand, whereas the silicon nitride tip is affixed by a few complementary single DNA strands. Upon retraction, the DNA strand was stretched between the glass surface and the tip by applying a force of 0.01-2nN. Because the DNA molecules are not anchored at the ends, the apparent length of the molecule picked up varies.
AFM cantilevers used for this experiment have spring constants less than 100 pN/nm and the spring constant of each lever was calibrated by measuring the amplitude of the thermal fluctuations. All these can be solved by the thermal tune module (Digital Instruments Inc.). Each cantilever was in situ calibrated according to the method of Hutter [16] with sensitivity less than 150 nm/V. Cantilever deflections versus piezo displacement data were measured by optical lever detection and collected by Nanoscope software (V6.13). Single point force measurements were made a 100-200nm z-axis piezo. Then the deflection data acting with the z-piezo were transformed to force data through cantilever sensitivity and spring constant. Each force curve consisted of 512 data points. Hundred of curves were collected at a time in the microarray. An obvious difference from all reported works is that we obtain curves not at a spot repeatedly each time, but inversely; we obtain a force curve at one spot, then move to another spot and obtain the next force curve and so forth. Each step we move at x direction by 30nm to form a line, and then turn to the second line by 30nm space at y direction. Finally, we obtain 100 force curves by a 10 u 10matrix array under an identical condition. 
C. Data processing
K means algorithm is a typical classify algorithm based on distance. First choose several mass centers randomly from all the collected data. Then calculate the distances of one data to each mass center, the data belong to the mass center between which the distance is minimum. Third, calculate a new mass center of each cluster. Do 2 and 3 steps iteratively until the new center and the original center equal or less than a threshold. Finally, the mass center is the cluster center.
III. RESULTS
When approaching the tip to the surface, some nonspecific attachments may occur, even in the presence of treated surfaces or pure chemical samples. Therefore, considering of the specificity of the interaction is it is imperative. The designed (CH 2 ) 18 linkers that shift the region where unbinding takes place away from the surface can minimize the unspecific interactions. In this experiment, several experiments that are different from others are designed. They explain the affecting factors of NaCl density and holding time playing roles on the forming of hydrogen bond, lastly obtain the binding force of dG-dC base pair. We performed hundreds of measurements of each situation and introduced a k-means cluster analysis method for analyzing our data.
A. [Na + ] concentration Effect
We can hardly obtain any data under 0mM NaCl density. This phenomenon accounts for the important role of NaCl in the hydrogen bond forming. However, we can get several data that fall in between 0.5nN and 1nN sometimes. These values are too large and we consider them as the unspecific interaction force between the tip and the glass surface without formatting hydrogen bond. As TABLE shows, when the duration is 0S we obtain 60 force curves, from which we cannot find any valid rupture force. After extending the duration to 10S we get 14 valuable data. All the data fall in between 0.4nN and 0.65nN and their average is 0.518nN. Taking the force curve in 10S situation into account, we deduce that the above forces are not the hydrogen bond force but the adhesion force between the tip and the glass surface. The same thing happening to the case of 40S we get 15 valuable data. These data fall in between 0.8nN and 1.05nN and their average is 0.898nN, which is distinct from the case of 10S.
However, when increasing the density from 0nM to 50mM or 100mM the rupture forces grow largely. Also most of these forces fall in 0.01nN-0.5nN and usually one force curve has several rupture forces, as the red line of Fig.2 shows. Therefore these rupture forces are unbinding forces for breaking DNA double helix. Comparing the case of 50mM and 100mM, 100mM NaCl density is better. First we can obtain more rupture forces from less total cures in the case of 100mM. Second the situation of one curve owing several rupture forces obviously increases, which means 100mM NaCl, is much better for the melting of the single complementary DNA strand. Third, the cluster centre interval is nearly in the same level, which is much better than in the case of 50mM, whereas the deviation is less. 
B. Holding Time Effect
The holding time is defined as the sustained time that the modified tip keeps touching the glass surface. However, the holding time is different from the hydrogen bond binding time, which is just a few milliseconds or even shorter according to some reports. In this part three holding times as 0S, 10S and 40S are demonstrated. This design takes the stability into consideration. In other words, hydrogen bonds can bind within a few milliseconds but may be unstable, whereas 10S or 40S may increase the stability. Different unbinding forces may be obtained in the case of stable or unstable. In TABLE , 0S means after the tip touching the glass surface picks up the probe immediately; Not means the forming hydrogen bond time is zero second.
C. Single hydrogen bond force
The ultimate purpose of the whole experiment is to find the unbinding force of a single hydrogen bond. In order to increase reliability we carry on the experiment on the DNA sequence of 10, 14 and 20 base pair respectively. Otherwise, from above analysis we know 100mM is the best choice and 40S can obtain steady data. Therefore we take both as the experiments condition of this part. Take 14bp as an example. We obtained forces curves first by 6 6 matrix array, and repeat several times in different locations. Then collected rupture forces from the force curves. Because the holding time is too long, at last not every single curve has the rupture force. Finally, all the collected data are analyzed by an unsupervised k-means clustering algorithm. K means algorithm is a typical classify algorithm based on distance. First choose several mass centers randomly from all the collected data. Then calculate the distances of one data to each mass center, the data belong to the mass center between which the distance is minimum. Third, calculate a new mass center of each cluster. Do 2 and 3 steps iteratively until the new center and the original center equal or less than a threshold. Finally, the mass center is the cluster center. We just put the data into the MATLAB program and will get the categories immediately, as shown in Fig.3 . There are 6 colors and each represents a category. Also there is a line across each category that represents the center of the relevant category. The relevant force value of each center is, as TABLE in the middle line shown. Using these values we can calculate the interval of the neighboring lines. The intervals are 0.2837 nN, 0.2604 nN, 0.3001 nN, 0.3077 nN, and 0.2948nN from bottom to top respectively. We can see the blue line means one strand ruptures, and the green line represents two strands rupture. The same thing is to the next three lines but the topside line which is too diffuse and may be the nonspecific adhesion force. The hydrogen bond force obtained by clustering in the case of 10bp, 14bp and 20bp under 100mM density NaCl and 40S holding time. There is a bracket under each hydrogen bond force. The data in the bracket means the percentage of the ralated catogory quantity in the whole clustering data. The same principle is used to the case of 10bp and 20bp. Their clustering analysis is show as Fig.3 and Fig.4 10bp is about 20pN 6.2pN, yet the  dG-dC bond force is about 20pN 2.3pN of 20bp, too. r r
Length
V. DISCUSSION
The pioneering work of Lee et al [11] demonstrated separate double -stranded oligonucleotides of three lengths of base pair in 0.1 M NaCl. Similar experiments were undertaken by Noy et al [12] and the density of NaCl was 0.9M. Later Mackerell and Lee repeated their first experiments but in 0.01 M NaCl this time [17] . Meanwhile Strunz et al reported their work in 0.12 M NaCl density [13] . All of the above carried on their research in different NaCl density and obtained diverse rupture force for separating DNA double helix. However, these results come from different laboratories that have different conditions and operators, so they are in comparable. Therefore we designed our experiment to probe the DNA double helix in 0mM, 50mM and 100mM NaCl density (shown in TABLE ) to see whether NaCl density influences the double strands forming or not, and whether we would get different binding forces of dG-dC.
All of the above, we prove that NaCl is a key element in forming DNA duplex. Hydrogen bond cannot be formed without Na + or Cl -. When the NaCl density is 0mM, the last rupture force is the meanly the adhesion force. When the density rose to 50mM or 100mM, hydrogen bond forces appeared. Think about the process that the tip touches the glass first, then the hydrogen bonds form, last raise up the tip. During rising the tip has to overcome the adhesion force first, then the DNA duplex rupture force. Therefore the last rupture force represents the last DNA duplex rupture force and other rupture force means the forces during stretching when NaCl participating in. What is more there is usually one duplex rupture in the process of obtaining the last force but several duplex rupture together in obtaining other force data.
Summarizing all the data (not shown) we collected, in the case of 10S and 40S we obtain rupture forces more easily than 0S. Comparing the case of 10S and 40S, their cluster centers are close, but the deviation of 40S is less than 10S. However, holding the tip on the glass surface for 40S is a little difficult. The position of the tip relative to the surface may change due to the thermal drift, therefore resulting in hardly obtaining any data. Consequently, 10S is the better time to use for the experiment although the data under 40S is more stable.
From TABLE we know the percentage of the blue data in all clustering data is 41.96%, whereas the red line's data percentage is 27.06%. From the two percentages we can see the phenomenon of one strand rupturing and two strands rupturing together is predominant. Accumulating the force values in a raw by titling "14" in table 2 together but the sixth value, then we divide the reckoning result by 15, coming to a result of 0.285nN, which we regard as 14 hydrogen bonds in one DNA strand rupture together at a time. Therefore the unbinding force of one hydrogen bond of dG-dC is about 20pN 4.9pN. r
VI. CONCLUSION
Highly specific interaction forces in double-stranded DNA are central to the storage and retrieval of genetic information.
Therefore, learning more about the unbinding force between self-assembled purines and pyrimidines has a great significance. In this paper first we try to explain the density NaCl influencing of the binding forming, and then find a better holding time for binding by doing experiments, and at last obtain the unbinding force of dG-dC which is about 20pN. In the coming work, the unbinding force of dA-dT will be done. What is more, we will change the modified ends that make the vertical stretching model to a unzipping model, to get the stacking interaction in the DNA helix. Realizing the unzipping model will be a funny work.
